Intrinsically disordered proteins play critical but often poorly understood roles in mediating protein interactions. The interactions of disordered proteins studied to date typically entail structural stabilization, whether as a global disorder-to-order transition or minimal ordering of short linear motifs. The disordered cyclindependent kinase (CDK) inhibitor Sic1 interacts with a single site on its receptor Cdc4 only upon phosphorylation of its multiple dispersed CDK sites. The molecular basis for this multisite-dependent interaction with a single receptor site is not known. By NMR analysis, we show that multiple phosphorylated sites on Sic1 interact with Cdc4 in dynamic equilibrium with only local ordering around each site. Regardless of phosphorylation status, Sic1 exists in an intrinsically disordered state but is surprisingly compact with transient structure. The observation of this unusual binding mode between Sic1 and Cdc4 extends the understanding of protein interactions from predominantly static complexes to include dynamic ensembles of intrinsically disordered states.
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disorder ͉ dynamic complex ͉ multisite phosphorylation ͉ NMR ͉ protein interaction I ntrinsically disordered proteins often participate in regulatory interactions with structured receptor proteins (1) (2) (3) . Such interactions are frequently modulated by phosphorylation, which requires disorder in the target protein both for optimal kinase accessibility and for subsequent accessibility of the binding motif (4) . Disorder-to-order transitions of varying extents occur upon binding of disordered proteins to their receptors. Coupled binding and folding have been observed in a number of systems (5) (6) (7) (8) . In contrast, short linear binding motifs may exhibit only local ordering upon interaction with modular binding domains (9) (10) (11) . In an intermediate situation, disordered protein regions with a measured propensity for helical secondary structure have been found to act as preformed molecular recognition elements (12) (13) (14) (15) (16) . Disorder in protein complexes may thus be a common feature and may give rise to such important properties as plasticity and reversibility (17) . The spectrum of different binding modes associated with intrinsically disordered proteins may even include highly dynamic complexes (16) , such as proposed for interaction between the yeast cyclin-dependent kinase (CDK) inhibitor Sic1 and its cognate receptor, the F-box protein Cdc4 (18) . However, the existence of a truly dynamic complex has not yet been biophysically demonstrated.
Phosphorylation by G 1 CDK activity (Cln1/2-Cdc28) targets Sic1 to the SCF Cdc4 ubiquitin ligase, resulting in Sic1 ubiquitination and degradation by the proteasome (19) (20) (21) (22) . The WD40 domain of Cdc4 recognizes short threonine-or serinephosphorylated sequences in Sic1 and other substrates, termed Cdc4 phosphodegrons (CPDs) (23) . A crystal structure of Cdc4 with a singly phosphorylated peptide (GLLpTPPQSG, from cyclin E) that closely matches the optimal CPD reveals a single deep pSer/Thr-Pro-binding pocket (24) . Mutation of residues in this pocket results in loss of binding to Sic1 in vitro and loss of function in vivo (24) . Sic1 itself contains 9 suboptimal CPD sites [supporting information (SI) Table S1 ], all of which contain mismatches to the optimal CPD consensus (18) . Individual CPD peptides derived from Sic1 interact with Cdc4 with affinities in the high micromolar range (25, 26) (Table S2 ). In contrast, the deep pSer/Thr-Pro-binding pocket in Cdc4 binds with high affinity (K d Ϸ1 M) to a singly phosphorylated peptide that closely matches the CPD consensus (24) . An adjacent shallow binding pocket can also interact with a downstream phosphate at the Pϩ3/Pϩ4 position (relative to the phosphorylated residue at the P0 position) in diphosphorylated CPD peptides, which further stabilizes local interactions (26) . High-affinity binding of Sic1 to Cdc4, however, appears to require multiple weak CPD sites to be phosphorylated, which in principle renders Sic1 recognition and degradation ultrasensitive with respect to G 1 CDK activity (18) . These observations suggest a binding mode in which the multiple phosphoepitopes in Sic1 engage the single receptor site of Cdc4 in dynamic equilibrium (18, 24) . Here, we use high-resolution NMR methods to shed light on the biophysical basis of the interaction of the polyvalent, intrinsically disordered Sic1 with Cdc4.
Results

Sic1 Is Intrinsically Disordered but Compact.
To probe the nature of the interaction between phospho-Sic1 (pSic1) and Cdc4, we used NMR spectroscopy to monitor the N-terminal 90 residues of Sic1, which do not exhibit appreciable stable secondary structure in either the unphosphorylated or phosphorylated state as determined by CD spectroscopy (18) . This region contains 7 consensus CDK sites (Thr-2, Thr-5, Thr-33, Thr-45, Ser-69, Ser-76, and Ser-80) and is sufficient for high-affinity binding when fully phosphorylated (27) . 1 H N -15 N correlation spectra (Fig. 1A) of Sic1 (black) and pSic1 (red) display limited amide proton chemical shift dispersion and sharp lines; such spectra are diagnostic of disordered proteins because the rapid interconversion of different conformers, many of which lack tertiary contacts, results in an averaged magnetic environment of the nuclei. Phosphorylation of Sic1 causes a downfield shift of amide protons of the phosphorylated residues Thr-5, Thr-33, Thr-45, Ser-69, Ser-76, and Ser-80. The lack of a downfield shift for Thr-2 indicates that this residue was not phosphorylated; the NMR spectra also demonstrate that no other serine or threonine residues were phosphorylated in these experiments. The chemical shift changes of phosphorylated residues and small changes in adjacent residues argue strongly against an overall disorderto-order transition upon phosphorylation. Rather, both Sic1 and pSic1 are intrinsically disordered proteins, best described as ensembles of rapidly interconverting, diverse conformers. Notably, the phosphorylated state exhibits multiple resonances for residues adjacent to prolines, including those immediately after the phosphorylated residues within the suboptimal CPDs. These peaks are indicative of sampling of both trans-and cis-prolyl peptide bonds in the unbound state of pSic1 (Fig. 1 A; for the Sic1 sequence, see Table S3 ).
We determined experimental secondary structural propensity (SSP) values to provide a measure of the weighted estimate of the fraction of conformers in the disordered ensemble that sample backbone torsion angles indicative of either ␣-helical or extended (␤) structure; values of unity over a stretch of residues reflect fully formed secondary structure (28) . The SSP values (Fig. 1B) for Sic1 (black bars) and pSic1 (open bars) as a function of residue position are similar, with a significant tendency toward extended conformations. However, the presence of some regions with up to a 20% weighted likelihood to adopt helical conformations suggests that Sic1 could exist as a relatively compact ensemble of interconverting conformers. We investigated this by pulsed-field gradient (PFG) diffusion NMR experiments, which measure translational diffusion coefficients and, indirectly, the hydrodynamic radius (R h ) of a protein. Although both Sic1 and pSic1 are intrinsically disordered, each appears to be surprisingly compact (Table S4) , with calculated values of R h for Sic1 and pSic1 of 21.5 Ϯ 1.1 and 19.3 Ϯ 1.4 Å, respectively. pSic1, in particular, is much more compact than expected for a fully denatured 90-residue polypeptide (28.7 Å) and only slightly larger than expected for a 90-residue globular protein (17.5 Å) (29, 30) .
The conformational flexibilities of Sic1 and pSic1 were probed by backbone 15 N relaxation experiments that report on picosecond to nanosecond time scale motion ( Fig. 2 A and B; Fig. S1 ). Nonuniform values for R 2 rates reflect structural contacts, with a fit of the data demonstrating maxima near residues with restricted motion (31) . Maxima in the fit to the R 2 rates are observed at a number of positions, including near Tyr-14 and Thr-45, residues hypothesized to be involved in transient tertiary contacts based on broadening observed for Tyr-14 upon interaction with Cdc4 (see below; Fig. S2 ). To test this hypothesis, we measured the hydrodynamic radii by using PFG diffusion experiments for phosphorylated Sic1 having mutations in these residues. Substitution of Tyr-14 or Thr-45 for Ala in pSic1 increases the R h values to 23.2 Ϯ 0.5 Å or 23.1 Ϯ 0.3 Å at 25°C, respectively (Table S4) , an expansion of 20% compared with wild-type, suggesting that specific tertiary contacts contribute to the compactness. Paramagnetic relaxation enhancement (PRE) data obtained for isolated pSic1 ( 
Multiple Suboptimal CPD Sites of Sic1 Engage Cdc4 Without Global
Ordering. We next evaluated the interaction of 6-fold phosphorylated Sic1 with a monomeric Skp1-Cdc4 complex; the Skp1 subunit of SCF Cdc4 is required for soluble expression of Cdc4 but does not interact with substrates (24) . Using an intrinsic Trp fluorescence-binding assay, we measured an apparent overall K d value of Ϸ0.6 M between the pSic1 preparation and Skp1-Cdc4, whereas no binding was detected for Sic1. Titration of unlabeled Skp1-Cdc4 into a solution of 15 N-labeled pSic1 allowed us to monitor the binding interaction by broadening of signals in NMR 1 H N -15 N correlation spectra. Disordered proteins give rise to sharp NMR resonances because of fast internal motions and short effective correlation times. Interactions of disordered regions with large folded proteins lead to resonance line broadening of interacting residues because of a larger effective correlation time, restricted local motion, and possible exchange between free and bound states on millisecond to microsecond time scales. In addition, we suspect effects from conformational exchange within Skp1-Cdc4, which is not amenable to high-resolution NMR because of its very broad NMR resonances. At a Skp1-Cdc4 to pSic1 molar ratio of 1.2, for which 99% of Sic1 is bound at the concentrations used, many observable NMR signals are evident (Fig. S4 ). This result is in striking contrast to the overall severe line broadening that would be expected in a stable protonated 80-kDa complex at 5°C. We measured hetNOEs for the complex and found overall lownegative or low-positive hetNOE values for the residues that are not broadened beyond detection in the complex (Fig. 2C) , confirming the disordered nature of large parts of pSic1 in complex with Skp1-Cdc4. The unaltered chemical shifts of the observable signals of pSic1 in the presence of Skp1-Cdc4 further demonstrate that pSic1 is disordered when in complex with Skp1-Cdc4. The interaction between pSic1 and Cdc4 was probed in a site-specific manner by using alternative NMR techniques. The binding interface of a protein complex can be mapped by transferred cross-saturation (TCS), which measures decreases in the resonance intensities caused by the transfer of magnetization saturation (32, 33) . TCS experiments were used to monitor the interaction of deuterated pSic1 and protonated Skp1-Cdc4 complex via the amide resonances of the free pSic1 (Fig. 3A and  Fig. S5 ). At a pSic1:Cdc4 molar ratio of Ϸ26:1, we detected significant TCS effects that mapped exactly to the phosphorylation sites pThr-5, pThr-45, pSer-69, pSer-76, and pSer-80, reflecting direct transfer of saturated magnetization over a short distance from protonated Skp1-Cdc4 to Sic1. The strongest TCS effects are observed at pThr-45 and pSer-76 with no significant TCS effect seen for pThr-33 (note that Thr-2 was again not phosphorylated). These data provide strong evidence that at least 5 of the 6 phosphorylated suboptimal CPD sites interact directly with Cdc4. We also analyzed the ratios of resonance intensities of labeled pSic1 in the free form and in the presence of Skp1-Cdc4 as a function of residue position (Fig. S2a ) from our initial titration of unlabeled Skp1-Cdc4 into 15 N-labeled pSic1. We observed local minima of up to 9 residues in length around the phosphorylation sites pThr-5, pThr-45, pSer-69, pSer-76, and pSer-80, consistent with the engagement of these sites with Cdc4 and primarily local ordering of the binding motif. The relative signal intensities at each particular position approximately reflect the proportion of unbound sites, with the resonance at pThr-33 being less broadened during the titration than other CPD sites (Fig.  3B) , consistent with its low local affinity. Although Thr-45 is genetically the most important site, our broadening data point to it being engaged to a lesser degree than the closely spaced phosphoserine CPDs. The strong TCS effect for pThr-45 is determined by rates of binding and release in addition to the affinity. The secondary and tertiary structure involving this residue may explain its in vivo significance, likely for overall affinity, and could also compete with local binding. Importantly, the reduced signal intensity at each CPD site in the Cdc4 complex is reversed by addition of a high-affinity phosphopeptide derived from cyclin E (CycE 9pT380 , GLLpT 380 PPQSG) that has a K d of 1 M for Skp1-Cdc4 (Fig. 3C) (24) . Together, the line broadening and TCS data clearly indicate an interaction between pSic1 and Cdc4 in which most, if not all, of the CPD sites engage in proportion to their individual local affinities (Table S2) .
Specific Interaction of Trans-Prolyl Isomers. In the crystal structure of Cdc4 in complex with the CycE 9pT380 phosphopeptide (24), the proline residue occupying the Pϩ1 binding pocket (relative to the phosphorylated residue at the P0 position) adopts a strict trans configuration. In contrast, engagement of a downstream phosphorylated residue (Pϩ4) at a secondary binding surface in diphosphorylated peptide-Cdc4 structures does not constrain residues at the Pϩ5 position (26) , even if the residue is a proline (X. Tang, et al., unpublished data). Thus, the trans-prolyl isomer is specific for interactions with the primary binding pocket on Cdc4. For both the TCS and broadening data, where the two prolyl isomers of individual CPDs can be resolved, interaction effects are significantly more pronounced for resonances of the trans-prolyl isomers (Fig. 3A, circles as opposed to crosses; Fig.  S2a ). The prevalence of trans-prolyl isomers after the phosphorylation sites interacting with Cdc4 is firm evidence that the complex between pSic1 and Cdc4 is mediated largely by the interaction of multiple suboptimal CPD sites with the core pSer/pThr-Pro binding pocket.
Discussion
Sic1 and Cdc4 Interact in a Dynamic Complex. NMR resonance broadening and TCS effects demonstrate that the high-affinity pSic1-Cdc4 interaction is mediated by multiple suboptimal CPDs. The preferential engagement of trans-prolyl isomers further demonstrates that multiple CPD motifs bind in the core pocket of Cdc4 and not at secondary sites. The transfer of saturation in the TCS experiments is observed because of exchange between free and Cdc4-interacting Sic1, ruling out a collection of static complexes. These findings can only be explained by a model in which multiple CPDs rapidly exchange on and off of the Cdc4-binding surface (Fig. 4) . The individual weak affinities of isolated short CPD phosphopeptides derived from Sic1 (ref. 25 ; Table S2 ) translate to a difference in free energy of binding that is on the order of thermal energy. For example, the ⌬⌬G binding of 4.3 kJ/mol between the pSer-69/pSer-76/pSer-80 and the pThr-2/pThr-5 phosphopeptides would correspond to an equilibrium binding ratio of 85:15 for these 2 peptides at 25°C. Importantly, the proportional occupancies of the corresponding regions of pSic1 in complex with Cdc4 ( Fig.  3B and Fig. S2 ) are even more similar than expected from the affinities of isolated phosphopeptides. These similar apparent local affinities are consistent with a dynamic equilibrium in which each individual CPD interacts transiently with the P0/Pϩ1 binding pocket of Cdc4, thereby enabling exchange among different sites.
Elements of Dynamic Protein
Interactions. The mechanism of Sic1 recognition by Cdc4 and its dependence on multiple phosphorylation events have been debated in the literature. One model requires Sic1 phosphorylation on multiple distinct sites to create sufficient affinity for a biological response (18) , whereas a second model assumes that a single specific diphosphorylated sequence is necessary and sufficient for targeting of Sic1 (26) . The results we present here are consistent with the first model, in which multiple phosphorylation sites dynamically engage the core Cdc4-binding site. Although diphosphorylated CPD motifs indeed bind Cdc4 with higher affinity (25, 26) , none approaches the affinity of fully phosphorylated Sic1 (Table S2) . Rather, the contribution of ϩ3/ϩ4 phosphorylation sites most likely affords a means to fine tune the affinity of local CPD sites, as observed for both N-terminal hydrophobic and C-terminal basic residues in the CPD consensus sequence (18) . Moreover, given the flexible but compact nature of Sic1, conformational constraints and electrostatic repulsion may substantially weaken individual site contributions to overall affinity. Indeed, whereas the pSer-69/pSer-76/pSer-80 triphosphopeptide has a K d value of 2.4 M, which in principle might be sufficient to target pSic1 to Cdc4, this cluster alone cannot mediate the pSic1-Cdc4 interaction (20) . Notably, the isolated triphosphopeptide has a net charge of Ϫ4, whereas the corresponding triphosphorylated full-length targeting region has a net charge of ϩ5 (see Table S2 ). As observed for a Sic1 phosphopeptide series, a mean-field model predicts that phosphorylated states of Sic1 having less positive charge will exhibit a stronger interaction with the positively charged Cdc4-binding surface (25) .
A requirement for multiple phosphorylation events in Sic1 in principle sets a high threshold for the level of active G 1 CDK required to initiate transition to S phase, thereby ensuring a coordinated onset of DNA synthesis and genomic stability (18) . Although our in vitro demonstration of a dynamic complex does not explain the putative ultrasensitivity of the interaction, it provides a structural foundation for understanding the models for polyvalent interactions that have been proposed to lead to ultrasensitivity (25) . Long-range electrostatic interactions with averaging effects over a dynamic structural ensemble can in principle generate highly nonlinear binding in response to phosphorylation (25, 34) . The transient structure and compact nature of pSic1 may also contribute to its high-affinity interaction with Cdc4. Compactness may not only facilitate exchange of the different sites, but also long-range electrostatic interactions and reduced solvent screening effects. In particular, a disordered ensemble of compact states could generate an average negative electrostatic field that would help tether pSic1 in the local vicinity of the positively charged binding surface on Cdc4 (25) . Thus, the combination of intrinsic disorder and significant amounts of transient secondary and tertiary structure in Sic1 leading to compaction facilitates the observed dynamic binding mode and may lead to ultrasensitivity driven by long-range polyelectrostatic interactions.
Sic1 contains two additional phosphorylation sites remote from the targeting region (Thr-173 and Ser-191), making their participation in the described dynamic complex unlikely. It is possible, however, that Thr-173 and Ser-191 serve as decoy sites that compete with the key binding sites for phosphorylation by the targeting kinase (35) , allowing different mechanisms in Sic1 to synergize to increase the ultrasensitivity of Sic1 degradation with respect to G 1 CDK activity.
A recent proposal argues that multiple phosphorylation events can in principle be the basis for ultrasensitivity if (i) phosphorylation leads to reduced conformational entropy of the free disordered ligand and (ii) the number of conformations available to the bound ligand is negligible compared with its free state (36) . Although we observed a small degree of motional restriction in Sic1 caused by phosphorylation (Fig. 2) , transient ordering was primarily localized to the extended binding motifs (Fig.  S2) . The contribution of this mechanism to the ultrasensitivity of the interaction may therefore not be significant. In contrast, the multiplicity of conformations involving different sites of Sic1 in the bound complex with Cdc4, as well as the significant disorder remaining in the noninteracting regions of Sic1, increases the entropy of the bound state relative to a more typical ordered complex, contributing favorably to binding (25) .
Intrinsically disordered regions frequently mediate dynamic protein interactions in signaling networks; these interactions often exhibit unusual binding characteristics, such as multisite dependence and ultrasensitivity (37, 38) . We anticipate that polyvalent binding modes similar to the pSic1-Cdc4 interaction reported here will arise in other contexts, such as for the disordered regulatory region of the cystic fibrosis transmembrane conductance regulator (16) , the disordered N-terminal segment of the Ets-1 transcription factor (39) , and the Ste5 MAPK cascade scaffold protein (40) . Based on the pSic1-Cdc4 model system, we speculate that multiple weak-binding motifs within disordered proteins may often synergize to yield highaffinity binding of the sort typically ascribed to static interactions between complementary protein interfaces. The continuum of properties of compactness, conformational heterogeneity, secondary structural propensities, and tertiary contacts within disordered protein states can in principle afford myriad variations in protein interaction modes, which may be readily shaped by evolution (41) . The complex interaction dynamics of disordered proteins reshapes the conventional view of structurally rigid protein interactions, with attendant implications in protein engineering and drug discovery. 12 C]glucose as nitrogen and carbon sources. The GST-Sic1 protein was purified by using glutathione-Sepharose affinity chromatography. After digestion with TEV protease, GST was precipitated by lowering the pH to 5.0 and spun out at 42,000 ϫ g. Sic1 was purified to homogeneity by using a Superdex 75 column (Amersham Biosciences), as confirmed by mass spectrometry. Phosphorylation was performed as reported (24) and monitored by mass spectrometry showing that the largest population was 6-fold phosphorylated. pSic1 was purified by using reversed-phase chromatography on a Gemini C18 column (Phenomenex). The CDK sites at Thr-5, Thr-33, Thr-45, Ser-69, Ser-76, and Ser-80 were phosphorylated, whereas Thr-2 was not phosphorylated in this construct. The Thr residues at positions 9, 48, and 49 that have been purported to generate high-affinity diphosphorylated epitopes necessary for Sic1 recognition (26) were also not phosphorylated as shown by the absence of downfield shift in NMR experiments.
Materials and Methods
Cdc4 Sample Preparation. Skp1-Cdc4 263-744 was purified as reported in ref. 24 . Cdc4 expresses at low levels in E. coli BL21 codon plus cells (and in other expression systems tested), on the order of 0.5 mg/L culture. It was thus not feasible to isotope-label Cdc4 for NMR purposes. In addition, Skp1-Cdc4 is a 72-kDa complex that gives rise to very broad NMR resonances. We suspect that these broad resonances are caused by conformational exchange within Cdc4. The Sic1-Cdc4 interaction could therefore only be probed from the perspective of Sic1.
NMR Experiments. All NMR data were collected on Varian Inova 500-MHz, 600-MHz, and 800-MHz spectrometers at 5°C except for PFG diffusion experiments, which were carried out at 5, 10, 15, 20, and 25°C as indicated in Table  S4 . The NMR samples were prepared in PBS [10 mM phosphate, 140 mM NaCl (pH 7.0)], 1 mM EDTA, 0.2% NaN3, 10% D2O. Assignments. Unphosphorylated and phosphorylated Sic1 1-90 wild type (WT) and pSic1 pT45 samples at 0.25-0.35 mM [in PBS (pH 7.0), 1 mM EDTA, 0.2% NaN3] were used for assignment experiments according to standard procedures. Triple-resonance assignment experiments (42) were performed at 800 MHz, including CBCA(CO)NNH and HNCACB to examine C␣/C␤ chemical shifts. We used the program SSP (28) to combine chemical shifts for different nuclei into a SSP score representing the expected fraction of ␣-helical or extended structure at a given residue. PFG diffusion experiments. Experiments were carried out on 200 M and 600 M samples of Sic1 and pSic1, respectively, as 1D 1 H pulse gradient stimulated echo longitudinal encode-decode (PG-SLED) experiments with watergate sequences (29) . One percent dioxane (2.5 L) was used as an internal standard with an effective hydrodynamic radius (R h ref ) of 2.12 Å. Hydrodynamic radii were extracted as described in SI Materials and Methods. Relaxation experiments. 15 N R1, R1, and hetNOE values were measured by using published pulse schemes (43) with details described in SI Materials and Methods.
Models of a polypeptide chain with unrestrained segmental motions predict R2 relaxation rates that reach a plateau in the middle of the sequence, whereas the protein termini exhibit smaller relaxation rates. The observation
